The biological methyl donor S-adenosyl-l-methionine [(S,S)-AdoMet] can spontaneously break down under physiological conditions to form the inactive diastereomer (R,S)-AdoMet, which may interfere with cell function. Although several lower organisms metabolize (R,S)-AdoMet via homocysteine methyltransferases, it is unclear how mammals deal with it. In this paper, we show that the mouse liver extracts, containing the BHMT-2 homocysteine methyltransferase candidate for a similar activity, recognizes (S,S)-AdoMet but not (R,S)-AdoMet. We find no evidence for the enzymatic breakdown of (R,S)-AdoMet in these extracts. Thus, mammals may metabolize (R,S)-AdoMet using a different strategy than other organisms.
Introduction
T he thermodynamic instability of biomolecules leads to the potential for the accumulation of damaged DNA, RNA, proteins, lipids, and small molecules in aging organisms. [1] [2] [3] The success of aging organisms may depend on how well these damaged molecules are repaired, removed, or metabolized. We have focused our interest on how cells deal with the spontaneous breakdown of the metabolite S-adenosylmethionine (AdoMet), which is widely employed in biology as a methyl donor but can also function in a variety of other reactions, including the transfer of aminopropyl and aminobutyryl groups and the generation of deoxyadenosyl radicals. 4 AdoMet can exist in two diastereoisomeric states with respect to its sulfonium ion. 5, 6 The S configuration (S,S)-AdoMet is the only form that is produced enzymatically, as well as the only form used in almost all biological methylation reactions 5, [7] [8] [9] [10] Under physiological conditions, however, the sulfonium ion can spontaneously racemize to the R form, producing (R,S)-AdoMet. 5 As of yet, (R,S)-AdoMet has no known physiological function and may inhibit cellular reactions.
Previously, we found two Saccharomyces cerevisiae enzymes that are capable of recognizing age-damaged (R,S)-AdoMet and using it to methylate homocysteine to form methionine. 11 This reaction results in the elimination of the altered form of AdoMet and allows the regeneration of normal AdoMet by the actions of S-adenosylhomocysteine hydrolase, methionine synthase, and AdoMet synthetase.
We found that yeast strains with deletions in the SAM4 and MHT1 genes encoding these enzymes accumulate (R,S)-AdoMet; such accumulation is not seen in strains containing one or both of these enzyme activities (C. Vinci and S. Clarke, unpublished). We have further shown that (R,S)-AdoMet-specific homocysteine methyltransferase activity is not specific to yeast, occurring in extracts of Arabidopsis thaliana, Drosophila melanogaster, and Caenorhabditis elegans.
11
Similar activity, however, was thus far not detected in the Mus musculus, 11 even though it appears that mammalian cells can avoid the accumulation of (R,S)-AdoMet. 12, 13 Currently, we are searching for a mechanism by which mammals can either metabolize or dispose of (R,S)AdoMet. We first looked at BHMT-2, which is a mammalian homolog of the yeast Sam4 and Mht1 proteins. Its main function is to metabolize S-methylmethionine in a homocysteine-dependent methyltransferase reaction; however, it can metabolize AdoMet as well, albeit to a much lesser degree.
14 Thus, we were intrigued by the possibility that the AdoMet substrate used by BHMT-2 was in fact (R,S)-AdoMet, providing a metabolic pathway to avoid the accumulation. We test this hypothesis in this paper. We have found that the use of AdoMet by BHMT-2 appears to occur only for the normal S,S isomer, suggesting that alternate pathways may exist to metabolize (R,S)-AdoMet.
Results
We first wanted to clarify whether a mouse liver cytosolic fraction could utilize (R,S)-AdoMet when incubated for extended periods of time with larger amounts of extract protein than used previously. 11 We were interested in the activity of BHMT-2 not only because it is a homolog of the yeast Mht1 and Sam4 homocysteine methyltransferases 11 but also that it uses S-methyl-l-methionine (SMM) as the major methyl donor (as does Mht1) and also more poorly AdoMet.
14, 15 We were particularly interested in the possibility that part or all of the activity with AdoMet was due to the (R,S)-AdoMet content, similar to the situation with yeast Mht1.
We first demonstrated the presence of BHMT-2 in our extracts using [methyl- 14 C]SMM as a substrate. After 60 min of incubation at 378C, roughly one third of the radiolabeled SMM is metabolized, presumably to methionine, in a homocysteine dependent reaction (Fig. 1A) . We found that the activity was linearly dependent upon both time and the amount of extract (data not shown). We then asked if (R,S)-AdoMet or (S,S)-AdoMet could react with homocysteine to form methionine (Fig. 1B) . When mouse liver extracts were incubated for 4.5 h at 378C, we found a small homocysteinedependent activity with (S,S)-AdoMet, but no detectable activity with (R,S)-AdoMet. Although there may be a small amount of breakdown of (R,S)-AdoMet in these experiments, it is independent of homocysteine and, thus, not due to the activity of BHMT-2 or other homocysteine methyltransferases. This result suggests that the small amount of BHMT-2 activity observed previously with AdoMet may be specific to the S,S form (Fig. 1B) .
To examine the breakdown of (R,S)-AdoMet in mouse extracts more closely, we conducted a time-course experiment in which (R,S)-AdoMet was incubated in mouse liver extract at 378C for 1.5, 3, and 6 h with and without homocysteine (Fig. 1C) . We did observe the slow formation of product that is not bound to the cation-exchange resin, but this formation is not dependent on homocysteine. The rate constant of loss of (R,S)-AdoMet was determined to be 1.2 Â 10 À5 s À1 and 1.0Â10 À5 s À1 for the reactions with and without homocysteine, respectively. Because the rates of spontaneous degradation of AdoMet to S-pentosylmethionine and methylthioadenosine are 3 Â 10 À6 s À1 and 4.6 Â 10 À6 s À1 respectively, 12 it is probable that the products measured above are a mixture of these two spontaneous degradation products. These results suggest that (R,S)-AdoMet is not broken down enzymatically. Thus, it appears that mammals may have lost the efficient mechanism by which lower organisms can dispose of this damaged molecule.
Discussion
It is clear from the previous results that mouse liver 12 and rat brain 13 do not accumulate significant amounts of
FIG. 1. Metabolism of (R,S)-AdoMet in mouse liver extracts.
(A) Activity of BHMT2 in mouse liver extracts. BHMT2 activity with S-methyl-l-methionine (SMM) was measured as described previously 19 with modifications. Extracts (50 mL of 7.5 mg=mL) prepared as described 20 were incubated in a final volume of 200 mL with 30,000 cpm of [methyl-
14 C]SMM in 50 mM Tris-HCl, pH 7.5, 0.8 mM DL-homocysteine, and 140 mM 2-mercaptoethanol for 60 min at 378C. The 14 Clabeled methionine product was separated from 14 C-SMM via Dowex AG1X4 anion-exchange columns and counted. Controls were performed without extract and=or homocysteine. (B) (R,S)-and (S,S)-AdoMet-utilizing activities in mouse liver extracts. For each assay, 140 mL of 7.5 mg=mL mouse liver extract was incubated with 4000 cpm of [methyl-3 H](R,S)-or (S,S)-AdoMet prepared as described 11 in 0.1 M sodium phosphate, pH 7.0, and 0.8 mM dl-homocysteine, final volume of 200 mL, for 4.5 h at 378C. The [ 3 H]methionine produced was separated from the [ (R,S)-AdoMet. How this is accomplished is unclear; the results of this study make it unlikely that an (R,S)-AdoMetdependent homocysteine methyltransferase is involved, as is the case in yeast, plants, and lower animals.
It is possible that the difference in metabolism of (R,S)-AdoMet in mammals and lower organisms results from the ability of the latter to use both (S,S)-AdoMet and (R,S)-AdoMet as a rich nutritional sources of sulfur, nitrogen, and carbon. This use may involve homocysteine methylation, leading to methionine and S-adenosylhomocysteine formation and the further metabolism of these compounds. In fact, in preliminary experiments, we have found that a sam4 À = met17 À mutant of the yeast Saccharomyces cerevisiae grows slightly faster in media supplemented with a 50=50 (R,S)= (S,S)-AdoMet mixture than with a 20=80 mixture. This result suggests that the Mht1 protein, which can use (R,S) but not (S,S)-AdoMet, 11 allows (R,S)-AdoMet in the media to be a nutrient source. Similarly, sam4 À yeast were found to grow better than sam4 À =mht1 À yeast. 16 There may be a significant amount of AdoMet in the R,S form in the yeast natural enviroment; its utilization may give organisms that can use it a selective advantage.
What are the mechanisms for the removal of (R,S)-AdoMet in mammalian cells? It is possible that there are specific ''radical SAM'' enzymes that convert this molecule to methionine and the deoxyadenosyl radical. 17 Alternatively, (R,S)-AdoMet may accumulate in older tissues and contribute to the loss of function with age. There is precedence for the accumulation in mammalian cells of substances such as lipofuscin that can be metabolized in lower organisms such as soil bacteria. 18 
